The efficiency of sulfur vulcanization reaction in rubber industry is generally improved thanks to the combined use of accelerators (as sulphenamides), activators (inorganic oxides), and co-activators (fatty acids). The interaction among these species is responsible for the formation of intermediate metal complexes, which are able to increase the reactivity of sulfur towards the polymer and to promote the chemical cross-links between the rubber chains. The high number of species and reactions that are involved contemporarily in the process hinders the complete understanding of its mechanism despite the long history of vulcanization. In this process, ZnO is considered to be the most efficient and major employed activator and zinc-based complexes that formed during the first steps of the reaction are recognized to play a main role in determining both the kinetic and the nature of the cross-linked products. However, the low affinity of ZnO towards the rubber entails its high consumption (3-5 parts per hundred, phr) to achieve a good distribution in the matrix, leading to a possible zinc leaching in the environment during the life cycle of rubber products (i.e., tires). Thanks to the recent recognition of ZnO ecotoxicity, especially towards the aquatic environment, these aspects gain a critical importance in view of the urgent need to reduce or possibly substitute the ZnO employed in rubber vulcanization. In this review, the reactivity of ZnO as curing activator and its role in the vulcanization mechanism are highlighted and deeply discussed. A complete overview of the recent strategies that have been proposed in the literature to improve the vulcanization efficiency by reducing the amount of zinc that is used in the process is also reported.
Introduction
ZnO is currently used in several products, including plastics, glass and ceramics, paints, batteries, fire retardants, cosmetics, and sunscreens [1, 2] . Its semiconducting properties (band gap equal to 3.37 eV), near UV emission, transparent conductivity, and piezoelectricity also make it attractive for many electronic applications, as sensors, solar voltaic, and transducers [3] [4] [5] . Besides, ZnO is largely used in heterogeneous catalysis, both as support and active phase for reactions, such as methanol synthesis [6] [7] [8] , water gas shift reaction (WGSR) [9] [10] [11] [12] , methanol steam reforming [13, 14] , and the photocatalytic degradation of organic environmental pollutants [15, 16] .
One of the main applications of ZnO relies on the rubber industry as chemical activator of the vulcanization process. In fact, more than 50% of the ZnO global annual production (25 million tons reported in 2010 [17] ) is used in rubber manufacturing [17] [18] [19] with tires production comprising its primary destination [20, 21] .
Vulcanization is a consolidated large-scale process to cross-link rubber chains, forming a three-dimensional network, which provides mechanical properties, such as elasticity and tensile The same guidelines were also suggested by other authors with little changes in the partition of the reaction steps [50, 73] . Although the general agreement about the overall mechanism, several different theories are reported regarding the exact reactions that take place during the vulcanization stages and the structure of the intermediate species that are involved in this mechanism. In the following, a detailed description of the different actors and steps of vulcanization mechanism is reported.
Activator and Co-Activator
The first zinc complex that was involved in the vulcanization mechanism is generated by the interaction between ZnO and the co-activator, generally a fatty acid, such as StH. In fact, the co-activator is introduced in the process with the purpose of solubilizing ZnO and generating Zn 2+ ions [72] . A Zn-StH complex is supposed to form, with the structure of zinc stearate (ZnSt2), which is able to further react with the accelerator [23, 50] .
The importance of the interaction between the activator and the co-activator StH to generate zinc complexes has been extensively demonstrated. McGill and Shelver [77] studied the effect of benzoic acid and StH on a 2-2′-dithiobis(benzothiazole) (MBTS) accelerated sulfur reaction of Reprinted with permission from [78] . Copyright (2015) American Chemical Society.
This bidentate Zn-StH complex was confirmed to be an intermediate of the successive sulfur cross-linking reactions cleavage of poly-sulfidic linkages [17] . The work has shown that the use of more sophisticated analytical methods could help in a finer research of the nature of vulcanization intermediates, elucidating more the structure of the complexes that are involved in the vulcanization mechanism in details.
Active Accelerator Complex and Active Sulfurating Agent
In the following steps, the Zn(II) centers are supposed to interact with the accelerator and sulfur, to give rise to the so-called active accelerator complex and active sulfurating species, respectively [72] . Figure 3a reports an example of a Zn-accelerator complex that is generated between Zn 2+ ions and MTBS proposed by Coran et al. [79] . Zinc behaves as a Lewis acid and facilitates the insertion of sulfur in the active accelerator complex favoring the S-C bond opening, and thus the formation of active sulfurating agents. Morgan et al. [80] confirmed that ZnO favors the opening of the sulfur rings, increasing the sulfur availability.
The organic pendant groups in the active sulfurating species depend on the type of the accelerator. In the case of MBTS, they are benzothiazole groups, but changing the accelerator, different pendant groups are present in the structure without changing the complex nature. Gradwell et al. [81] , by using N-tert-butyl-2-benzothiazyl sulfenamide (TBBS) as accelerator, Figure 2 . Proposed structure of the dinuclear type bridging bidentate zinc/stearate complex. Reprinted with permission from [78] . Copyright (2015) American Chemical Society. This bidentate Zn-StH complex was confirmed to be an intermediate of the successive sulfur cross-linking reactions cleavage of poly-sulfidic linkages [17] . The work has shown that the use of more sophisticated analytical methods could help in a finer research of the nature of vulcanization intermediates, elucidating more the structure of the complexes that are involved in the vulcanization mechanism in details.
The possible structure of the active sulfurating complex has been suggested to include Zn(II) as a part of the poly-sulfidic chain, with the formation of a covalent bond with sulfur atoms (Figure 3b ) [72] . In this case, the possible coordination of zinc with other ligands as amino (released from accelerators as sulphenamides) or carboxylate groups (e.g., from StH) could potentially be able to increase the stability of the zinc complex ( Figure 3b ). However, a more probable structure has been proposed, suggesting a coordinative bond between the polysulphide chain and the Zn(II) center, which is stabilized by the presence of additional ligands generated in situ [50] (Figure 3b) .
A significant debate is reported in the literature as concerns the occurrence of a radical or ionic vulcanization mechanism. In unaccelerated reactions, sulfur may undergo both homolytic (radical) or heterolytic (polar/ionic) reactions of S8 ring opening ( Figure 4 ) [23] . The same is likely to happen in accelerated reactions, but different studies were published in the attempt to clarify whether radical or ionic species are involved in the mechanism. Farmer et al. [82] strongly supported the presence of a radical mechanism, stating that, in the common reaction of sulfur with olefins, the opening of the sulfur ring forms a radical-terminated sulfur chain, which directly reacts with an olefin molecule in the first step of formation of cyclic mono-sulfides. Instead, a ionic mechanism was supposed by Bateman et al. [83] , which suggested that the initiation step of the reaction between sulfur and olefins is the heterolytic scission of a polysulfide into polar persulfenyl intermediates and considering that homolytic breakage does not simply occur by heating sulfur or poly-sulfides at about 140 °C. However, it is still unclear whether the vulcanization reactions occurs via a radical or ionic pathway and it is generally assumed that the reactions probably occur via a mixture of radical and ionic mechanisms [72] . [72] and formation of an active sulfurating complex (IS − y represents a ionized form of sulfur); (b) Structure of active sulfurating complex with zinc atom covalently bonded to the polysulfide chain; stabilization of the complex by amino ligands; structure of active sulfurating complex with a coordinative bond between zinc atom and polysulfide chain [72] . Reproduced with permission from Rubber Chemistry and Technology. Copyright © (2004), Rubber Division, American Chemical Society, Inc.
The organic pendant groups in the active sulfurating species depend on the type of the accelerator. In the case of MBTS, they are benzothiazole groups, but changing the accelerator, different pendant groups are present in the structure without changing the complex nature. Gradwell et al. [81] , by using N-tert-butyl-2-benzothiazyl sulfenamide (TBBS) as accelerator, observed free amines and an active accelerator complex with a benzothiazole terminated pendent group, which is able to react with sulfur and give cross-linking reactions.
The possible structure of the active sulfurating complex has been suggested to include Zn(II) as a part of the poly-sulfidic chain, with the formation of a covalent bond with sulfur atoms (Figure 3b ) [72] . In this case, the possible coordination of zinc with other ligands as amino (released from accelerators as sulphenamides) or carboxylate groups (e.g., from StH) could potentially be able to increase the stability of the zinc complex ( Figure 3b ). However, a more probable structure has been proposed, suggesting a coordinative bond between the polysulphide chain and the Zn(II) center, which is stabilized by the presence of additional ligands generated in situ [50] (Figure 3b ).
A significant debate is reported in the literature as concerns the occurrence of a radical or ionic vulcanization mechanism. In unaccelerated reactions, sulfur may undergo both homolytic (radical) or heterolytic (polar/ionic) reactions of S 8 ring opening ( Figure 4 ) [23] . The same is likely to happen in accelerated reactions, but different studies were published in the attempt to clarify whether radical or ionic species are involved in the mechanism.
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A significant debate is reported in the literature as concerns the occurrence of a radical or ionic vulcanization mechanism. In unaccelerated reactions, sulfur may undergo both homolytic (radical) or heterolytic (polar/ionic) reactions of S8 ring opening ( Figure 4 ) [23] . The same is likely to happen in accelerated reactions, but different studies were published in the attempt to clarify whether radical or ionic species are involved in the mechanism. Farmer et al. [82] strongly supported the presence of a radical mechanism, stating that, in the common reaction of sulfur with olefins, the opening of the sulfur ring forms a radical-terminated sulfur chain, which directly reacts with an olefin molecule in the first step of formation of cyclic mono-sulfides. Instead, a ionic mechanism was supposed by Bateman et al. [83] , which suggested that the initiation step of the reaction between sulfur and olefins is the heterolytic scission of a polysulfide into polar persulfenyl intermediates and considering that homolytic breakage does not simply occur by heating sulfur or poly-sulfides at about 140 °C. However, it is still unclear whether the vulcanization reactions occurs via a radical or ionic pathway and it is generally assumed that the reactions probably occur via a mixture of radical and ionic mechanisms [72] . Farmer et al. [82] strongly supported the presence of a radical mechanism, stating that, in the common reaction of sulfur with olefins, the opening of the sulfur ring forms a radical-terminated sulfur chain, which directly reacts with an olefin molecule in the first step of formation of cyclic mono-sulfides. Instead, a ionic mechanism was supposed by Bateman et al. [83] , which suggested that the initiation step of the reaction between sulfur and olefins is the heterolytic scission of a polysulfide into polar persulfenyl intermediates and considering that homolytic breakage does not simply occur by heating sulfur or poly-sulfides at about 140 • C. However, it is still unclear whether the vulcanization reactions Catalysts 2019, 9, 664 7 of 22 occurs via a radical or ionic pathway and it is generally assumed that the reactions probably occur via a mixture of radical and ionic mechanisms [72] .
Cross-Link Intermediates
The active sulfurating species generally interact with the rubber at the allylic sites of the polymer unsaturation, generating the so-called cross-link precursor, whose structure consists of an accelerator terminated poly-sulfidic group that is attached to a polymer chain [72] (Figure 5a) .
A delay is expected before the beginning of the cross-linking process since this latter reaction is supposed to proceed only after the previous formation of the active sulfurating species. Experimental evidences demonstrated that the addition of the accelerator, the co-activator, and ZnO are associated to a delay time (scorch time) required for the vulcanization to start [72] . This initial delay is fundamental from a technological point of view, because it allows for the thermal mixing and compounding of all the ingredients that are necessary for the production of the rubber-based materials before the beginning of the curing step [84, 85] .
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A delay is expected before the beginning of the cross-linking process since this latter reaction is supposed to proceed only after the previous formation of the active sulfurating species. Experimental evidences demonstrated that the addition of the accelerator, the co-activator, and ZnO are associated to a delay time (scorch time) required for the vulcanization to start [72] . This initial delay is fundamental from a technological point of view, because it allows for the thermal mixing and compounding of all the ingredients that are necessary for the production of the rubber-based materials before the beginning of the curing step [84, 85] . The role of zinc at this stage of vulcanization is crucial, even if the structure of the active sulfurating complex is still not definitely assigned ( Figure 3b ). In fact, zinc-based complexes must be stable enough to be formed at the first steps of the reaction, but at the same time, they must be reactive towards the rubber. In other words, the zinc-sulfur bond must be stable, but not too strong to hinder the subsequent reaction of the sulfur chain with the polymer. This factor may be discussed in first approximation in terms of bond dissociation enthalpy (ΔHf298). The tabulated value of ΔHf298 for zinc-sulfur bond is 205 kJ mol −1 . When comparing this value with ΔHf298 Cu-S, equal to 285 kJ mol −1 , it can be easily deduced that copper forms stronger bonds with sulfur and the introduction of copper instead of zinc should have a detrimental effect on the vulcanization process, due to the higher stability of the intermediate species.
Cross-Linked Products
Finally, various mechanisms have been proposed for the conversion of the cross-link precursors into the final cross-linked products. Coran [62] proposed a mechanism that involves the reaction of the cross-link precursors with another rubber chain after the breakage of a sulfur-sulfur bond in the presence of Zn 2+ centers (Figure 5b ). In general, the S-S bonds tend to decompose by thermal treatment, but the presence of Zn 2+ centers favors the formation of shorter sulfur bridges between the polymer chains. As reported for a sulphenamide-accelerated vulcanization, zinc coordinates to the nitrogen of benzothiazole group and to a sulfur atom of the sulfur chain. This coordination weakens an S-S bond farther from the accelerator moiety and closer to the rubber chain, thus decreasing the length of the sulfur chains of the cross-link intermediates ( Figure 6 ). Later on, these intermediates link to other polymer chains. Instead, in the absence of Zn 2+ , the more labile S-S bond would be the The role of zinc at this stage of vulcanization is crucial, even if the structure of the active sulfurating complex is still not definitely assigned ( Figure 3b ). In fact, zinc-based complexes must be stable enough to be formed at the first steps of the reaction, but at the same time, they must be reactive towards the rubber. In other words, the zinc-sulfur bond must be stable, but not too strong to hinder the subsequent reaction of the sulfur chain with the polymer. This factor may be discussed in first approximation in terms of bond dissociation enthalpy (∆Hf 298 ). The tabulated value of ∆Hf 298 for zinc-sulfur bond is 205 kJ mol −1 . When comparing this value with ∆Hf 298 Cu-S, equal to 285 kJ mol −1 , it can be easily deduced that copper forms stronger bonds with sulfur and the introduction of copper instead of zinc should have a detrimental effect on the vulcanization process, due to the higher stability of the intermediate species.
Finally, various mechanisms have been proposed for the conversion of the cross-link precursors into the final cross-linked products. Coran [62] proposed a mechanism that involves the reaction of the cross-link precursors with another rubber chain after the breakage of a sulfur-sulfur bond in the presence of Zn 2+ centers (Figure 5b ). In general, the S-S bonds tend to decompose by thermal treatment, but the presence of Zn 2+ centers favors the formation of shorter sulfur bridges between the polymer chains. As reported for a sulphenamide-accelerated vulcanization, zinc coordinates to the nitrogen of benzothiazole group and to a sulfur atom of the sulfur chain. This coordination weakens an S-S bond farther from the accelerator moiety and closer to the rubber chain, thus decreasing the length of the sulfur chains of the cross-link intermediates ( Figure 6 ). Later on, these intermediates link to other polymer chains. Instead, in the absence of Zn 2+ , the more labile S-S bond would be the one that is closest to the accelerator molecule, thus forming a longer sulfur bridge between the polymer chains.
Catalysts 2019, 9, 664 8 of 22 one that is closest to the accelerator molecule, thus forming a longer sulfur bridge between the polymer chains. After the formation of the cross-linked products, this sequence can be repeated more than once on the sulfurating complex, progressively shortening the sulfur chains and giving rise to the final rubber network. Also, in this case, zinc ions are supposed to support the shortening process [86] . Zn(II) centers were also proposed [40] to break-down the already formed polysulfide cross-links. To sum up, the Zn(II) centers originated from ZnO has proven to play a main role in all the subsequent steps of the vulcanization process, determining both the formation of more active intermediate complexes with a favorable effect on the kinetic of the reaction and affecting the nature of the cross-linked products, promoting the achievement of higher cross-linking densities.
The overview on the reaction mechanism allows for a high consciousness of the involvement of zinc species in the reaction that can lead to designing highly performant innovative Zn-based materials to substitute ZnO in the activation of curing reaction, reducing the environmental issues and keeping the highly performant mechanical properties of rubber materials for the final applications.
In the literature, alternatives have been proposed to totally substitute ZnO in rubber materials, while using other metal oxides [24, 37, 38] . However, in general, the other metal oxides were demonstrated to be worse activators than ZnO [37] . Ducháček et al. proved that the stability of the intermediate complexes of the metal ion with the accelerator and their ability to further react with sulfur are crucial [24] . In fact, strongly coordinating cations (e.g., Cu 2+ , Hg 2+ ) hinder further reaction of the complex with sulfur, while the low tendency to form complexes (e.g., Mg 2+ , Ca 2+ ) makes the formation of the active sulfurating complex and the sulfur transport to the polymeric chain difficult [24] . Anyway, MgO shows a relatively fast kinetics in the first steps of the vulcanization, in particular when particles are nanosized [87] or in a mixture with ZnO [39, 88] , but allows for obtaining a lower cross-linking density when compared to ZnO [24] . Actually, CdO showed better activating behavior in rubber vulcanization [38] , but its higher toxicity precludes its use for substituting ZnO. Therefore, at the moment, ZnO still remains the most efficient activator of rubber vulcanization.
In the next paragraphs, the main pathways that were followed in the literature are described: nanosized ZnO particles, zinc complexes, zinc-based activators inserted in porous materials or supported on a substrat,e and double function filler ZnO/SiO2, a material that simultaneously behaves as a reinforcing filler and curing activator.
Nano vs. Micro Zinc Oxide
The particles size reduction of the ZnO curing activator is a useful strategy to maintain high vulcanization efficiency and mechanical properties reducing the zinc content in rubber compounds. In fact, micro-crystalline ZnO is conventionally used as curing activator, but its low dispersion into the polymer matrix makes the use of high quantity of ZnO in rubber NCs necessary. Moreover, due to its low specific surface area, only a part of the zinc ions is accessible to react with the curing agents, leading to partially unreacted ZnO, which is responsible for the high zinc leaching into the environment during the life cycle of the rubber product. Several studies have demonstrated that a After the formation of the cross-linked products, this sequence can be repeated more than once on the sulfurating complex, progressively shortening the sulfur chains and giving rise to the final rubber network. Also, in this case, zinc ions are supposed to support the shortening process [86] . Zn(II) centers were also proposed [40] to break-down the already formed polysulfide cross-links.
To sum up, the Zn(II) centers originated from ZnO has proven to play a main role in all the subsequent steps of the vulcanization process, determining both the formation of more active intermediate complexes with a favorable effect on the kinetic of the reaction and affecting the nature of the cross-linked products, promoting the achievement of higher cross-linking densities.
In the next paragraphs, the main pathways that were followed in the literature are described: nanosized ZnO particles, zinc complexes, zinc-based activators inserted in porous materials or supported on a substrate and double function filler ZnO/SiO 2 , a material that simultaneously behaves as a reinforcing filler and curing activator.
The particles size reduction of the ZnO curing activator is a useful strategy to maintain high vulcanization efficiency and mechanical properties reducing the zinc content in rubber compounds. In fact, micro-crystalline ZnO is conventionally used as curing activator, but its low dispersion into the polymer matrix makes the use of high quantity of ZnO in rubber NCs necessary. Moreover, due to its low specific surface area, only a part of the zinc ions is accessible to react with the curing agents, leading to partially unreacted ZnO, which is responsible for the high zinc leaching into the environment during the life cycle of the rubber product. Several studies have demonstrated that a high ZnO dispersion can be achieved by using nanosized ZnO, which enhance the vulcanization efficiency.
Sahoo et al. [89] have studied the vulcanization rate and the mechanical properties of natural rubber (NR) and nitrile butadiene rubber (NBR) with ZnO NPs, with an average size of 50 nm. They demonstrated that a more uniform dispersion of ZnO particles into the polymers (Figure 7 ) and a higher surface area of the oxide improve both the zinc reactivity with the curatives and the cure efficiency when compared to micro-crystalline ZnO activator, with about 12 to 14% enhancement of the maximum torque. Consequently, the mechanical behavior of rubber NCs also improves, due to the high cross-linking density.
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Roy et al. [93] studied the effect of nano ZnO that was synthetized by sol-gel method, finding that the addition of 0.5 phr of nano ZnO in NR caused the decrease of the optimum cure time and the enhancement of the CRI index as compared to NC enclosing 5 phr of conventional ZnO. Moreover, an improvement of the mechanical properties of vulcanized NR was observed, because of the higher surface area and better dispersion and distribution of the cure activator within the rubber. From Thermo Gravimetric Analysis (TGA), they demonstrated that a better thermal stability of rubber composites, including nano ZnO, depends on the decrease of the thermal motion of polymer chain within the network structure.
Cui et al. [94] have studied the effect of ZnO NPs with specific crystal facets being exposed on the vulcanization efficiency. Two different structures of ZnO were analyzed, a table-like (T-ZnO) and rod-like ZnO (R-ZnO) having the approximately same particles size and specific surface area. The results revealed that styrene-butadiene rubber (SBR) composites that were prepared with R-ZnO presents higher density of cross-linking and better mechanical properties than those from T-ZnO. Besides, a faster curing rate was evidenced, which indicated that R-ZnO with more exposed (100) crystal face has better vulcanization activity. X-Ray Diffraction (XRD) and X-Ray Photoluminescence Spectroscopy (XPS) measurements showed that a higher quantity of Zn is exposed on the surface of crystal T-ZnO, but less free Zn 2+ ions are formed in the T-SBR. In fact, DFT calculation assessed that Zn 2+ binding energy of ZnO surface were 23.13 eV, 25.30 eV, 22.31 eV, 23.4 eV for crystallographic plane (001), (001), (100) 1 , (100) 2 , respectively, and that the lower binding energy was beneficial for the release of Zn 2+ .
In conclusion, different approaches concerning the reduction of the dimension of the activator have been reported in the literature. Reducing the size of zinc oxide particles has proven to be an effective strategy to enhance the vulcanization efficiency. In fact, ZnO nanometric dimensions favor a better dispersion and distribution of the activator in the polymer matrix, due to the higher surface area of the NPs, promoting the interaction of zinc centers with curing agents and rubber chains.
However, micro-sized ZnO is still the most widely used activator in the rubber industry, mainly because the development of large-scale synthetic procedures of ZnO NPs requires much effort. Many different methods (e.g., solvothermal, hot-injection, miniemulsion) are known to obtain ZnO NPs, but ZnO NPs have the tendency to crystallize in hexagonal phase, growing along selective crystal planes and giving anisotropic crystals [95] . Although the structural and morphological control of ZnO NPs in lab-scale protocols is high, these methods are not cost-effective or only a relatively small quantity of particles per batch can be obtained.
Zinc(II) Complexes
When considering that the attempts to use other environmentally friendly metal oxides demonstrated the higher and unique activation efficiency of zinc ions, significant endeavors for improving the vulcanization efficiency and reducing the ZnO consumption in rubber NCs have been focused on the use of Zn-based compounds.
Several Zn(II) complexes have been selected as the possible candidates for ZnO substitution. The choice of the suitable ligands for the zinc complexes was based on the role of Zn 2+ complex that was generated from ZnO interaction with StH, able to interact with the curative agents to generate the active sulfurating complexes (Section 2.2).
Several authors tried to apply zinc complexes instead of ZnO and StH as activators. This strategy should increase the number of zinc ions that are available as activator, reducing the amount of ZnO currently employed in rubber NCs.
Heideman et al. [96, 97] tested the reactivity of four different zinc complexes on the cure and physical properties of two rubbers, Ethylene-Propylene Diene Monomer (EPDM) and s-SBR. Zinc stearate, which is supposed to be an intermediate species of curing mechanism [50], 2-zinc ethylhexanoate, borate and m-glycerolate commonly used as flame-retardant, cosmetical, and pharmaceutics, were tested. Interestingly, the cross-linking density measured by swelling was considerably lower with zinc stearate, when compared to the compound containing ZnO and StH as separate components, which indicated an unexpected lower activity towards the vulcanization of both EPDM and s-SBR ( Figure 9a ).
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Przybyszewska et al. [99] reported the different activities of several zinc chelates as curing activators for NBR while using MBT as accelerator: 1,3-diketones (i.e., 1,3-diphenylpropane-1,3-dione, BM-Zn) as well as zinc acetylacetonate (AAC-Zn). The higher stability of zinc complexes, determined by their heat of formation, was related to the lower availability of zinc ions and the lower tendency to form zinc-accelerator complexes during the reaction. In fact, AAC-Zn demonstrated a lower efficiency in the vulcanization when compared to BM-Zn complex, which was probably due to the higher AAC-Zn stability. No detrimental effects on the cross-linking rate or physical properties of the vulcanized products were registered, even though a reduction of the cross-linking densities and efficiency of cross-linking process were shown.
Zinc dithiocarbamates were tested as combined activators and accelerators of vulcanization reaction by Alam et al. [100] , in the presence of thiazole-based accelerators. These complexes showed very effective synergistic activity with other accelerators, such as MBTS, MBT, and CBS, with increasing torque, tensile strength, and elongation at break. Nevertheless, rubber was vulcanized by zinc complexes in the presence of the typical curing agents of a sulfur-based vulcanization process, including micro-crystalline ZnO (5 phr). Thus, the improved mechanical properties were assigned to a greater enhancement of the curing reaction due to the contribution of these zinc dithiocarbamates complexes, but together with the conventional activator ZnO and without reducing zinc content in rubber compounds.
Other attempts have been reported by international companies. Cray Valley USA in a Technical Meeting of the ACS Rubber Division [101] , claimed that reduced zinc loading in rubber NCs could be achieved by a zinc monomethacrylate complex (ZMMA). This complex was recognized to improve the activating efficiency, increasing both the cross-linking densities and mechanical properties.
Recently, the increasing concerns towards green alternatives have pushed the scientific research to find more eco-friendly and sustainable candidates for substituting ZnO and StH in rubber compounds. In this perspective, Moresco et al. have examined the performances of a vegetable oil as vulcanization activator and lubricant for the preparation of low zinc content NR tire tread [102] . Thermal and chemical characterizations suggested that this material has the typical structure of an aromatic zinc carboxylate. The mechanical properties of the correspondent rubber NCs demonstrate that the naturally derived zinc complex could be used instead of ZnO, without affecting the physico-mechanical behavior of the compounds, reducing the zinc content by 75% compared to the standard formulation that contains 5 phr of ZnO. Another great advantage was the double function of the vegetable oil, being able to act both as an activator and as a lubricant from a vegetable source.
Zanchet et al. developed a green additive, which is composed of an activator derived from sugar cane, as a residue of the ethanol production [103] . From TGA the composition of this material resulted of water, zinc carboxylate, StH, and lignin, with a zinc content of 25.6%. This green additive was able to promote the formation of a higher number of S-S bonds in rubber compounding, even if with a reduction of the resistance to weathering conditions, in comparison with a reference material vulcanized with ZnO. Besides, the lower cross-linking densities were ascribed to the possible interaction of lignin with the accelerators during the reaction, due to its acidity and to its properties of radical scavenging that are connected to the hindered phenol moiety included in the structure. Later on, the authors tested the same material after a surface modification treatment, aiming at an improvement of the dispersion in NR composites [104] and obtaining higher thermal stability and reinforcement effect due to a better dispersion of the additive in the matrix, thanks to the surface functionalization.
To sum up, the substitution of ZnO and StH with new zinc complexes demonstrated to be a promising pathway, even if the stability and the structure of the complex is a key point for determining its reactivity as activator. High stability and strong coordinative bonds are fundamental for using a zinc complex as an activator of a thermal reaction, but at the same time could be detrimental regarding its activity towards the curative agents. Thus, more studies should be performed in order to investigate the correlations between the structure of the zinc complexes and their reactivity in the vulcanization process, paving the way towards the design of more reactive zinc-based activators by finely tuning the chemical neighborhood of zinc ions.
Homogeneous Distribution of Curing Agents
One of the main problems that is related to the addition of ZnO in rubber NCs is its low distribution degree, due to the hydrophobic character of the polymer chains, which favors the aggregation of the hydrophilic ZnO particles in the rubber matrix. This implies the addition of large amounts of ZnO to afford its distribution into the whole matrix and to avoid the formation of rubber islands without ZnO, which would affect the local efficiency of the vulcanization process [105] .
In this paragraph, attempts to enhance the vulcanization efficiency and homogeneity through the improvement of the distribution of the curing agents are reported. Generally, two roads are followed: (i) the improvement of the distribution of sulfur and accelerator curatives in the rubber matrix to make them more available to react with ZnO activator and (ii) a better distribution of ZnO or zinc-based activator by supporting them on a substrate or by inserting them in porous materials (see Section 5.1).
The distribution of either sulfur or the accelerator in the rubber compound has been extensively investigated. Chen et al. [106] developed SiO 2 NPs that were functionalized with aliphatic ether polysulfide (silica-s-VA7), which can behave simultaneously as cross-linking centers for the rubber chains and as interfacial compatibilizer of SiO 2 particles ( Figure 10 ). They claim that silica functionalization occurs through hydrogen bonding between the surface silanol groups and the ether group of VA7. Scanning Electron Microscopy (SEM) analysis evidenced improved filler-rubber interactions, thanks to the covalent linkages between the elastomer and the nanofiller, which were responsible for lower energy dissipation.
The distribution of either sulfur or the accelerator in the rubber compound has been extensively investigated. Chen et al. [106] developed SiO2 NPs that were functionalized with aliphatic ether polysulfide (silica-s-VA7), which can behave simultaneously as cross-linking centers for the rubber chains and as interfacial compatibilizer of SiO2 particles ( Figure 10 ). They claim that silica functionalization occurs through hydrogen bonding between the surface silanol groups and the ether group of VA7. Scanning Electron Microscopy (SEM) analysis evidenced improved filler-rubber interactions, thanks to the covalent linkages between the elastomer and the nanofiller, which were responsible for lower energy dissipation.
Sulfur monochloride was also supported onto the SiO2 surface [107] , which evidenced that the formation of interparticle domains was responsible for a significant enhancement of the mechanical properties of NR NCs. Accelerator molecules, such as diphenyl guanidine (DPG) [108] , CBS [109] , and ethylenthiourea (ETU) [110] , were covalently supported onto silica and studied in the reinforcement of sSBR/BR composites. The homogeneous distribution of the curing agents in the polymer matrix increased the mechanical properties, mainly for a more uniform formation of cross-links. Sulfur monochloride was also supported onto the SiO 2 surface [107] , which evidenced that the formation of interparticle domains was responsible for a significant enhancement of the mechanical properties of NR NCs.
Zinc-Based Activators Inserted in Porous Materials or Supported on a Substrate
Accelerator molecules, such as diphenyl guanidine (DPG) [108] , CBS [109] , and ethylenthiourea (ETU) [110] , were covalently supported onto silica and studied in the reinforcement of sSBR/BR composites. The homogeneous distribution of the curing agents in the polymer matrix increased the mechanical properties, mainly for a more uniform formation of cross-links.
Focusing on the distribution of ZnO or zinc-based activators, two main approaches are mainly present in the literature: (i) zinc ions that are distributed as cations inside porous materials (e.g., clays) and (ii) ZnO NPs distributed through the addition of suitable dispersing agents or by anchoring them onto the surface of different supports (e.g., silica, graphene).
As regarding the first approach, zinc loaded clays were first developed by Heideman et al. [111, 112] , assuming that an increase of the availability of zinc ions could considerably reduce the ZnO amount in rubber compounds. Zn 2+ ions were loaded onto a montmorillonite clay (Al 2 O 3 ·4SiO 2 ·xH 2 O), a 2:1 layered silicate (Figure 11 ), by the substitution of the exchangeable cations of the clay with zinc ions. First, an acid treatment allows for obtaining hydrogen-rich clay, whose successive displacement obtains the zinc ion-saturated clay (Zn-Clay). The use of Zn-Clay as activator (5 phr of Zn-Clay, with a Zn loading of~5%) evidenced that the vulcanization process is as efficient as in the presence of 3 phr of ZnO. MCV studies also demonstrated that Zn-Clay fastens the cross-link precursor formation, without negatively affecting the mechanical properties of the cured material.
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Another study reports the development of zinc stearate-modified layered double hydroxides (LDH) and their use for NR compounds formulation to eliminate ZnO and StH [113] . The material was demonstrated to behave both as activator of vulcanization, favoring the release of Zn 2+ ions and as reinforcing filler, even if to a marginal extent.
A few options are reported regarding the use of suitable dispersing agents in order to develop highly distributed ZnO NPs systems. Higher ZnO distribution were achieved by surface functionalization with silane coupling agents of pre-synthesized ZnO NPs [114] , whose nanodimensions could favor curing efficiency. Gujel et al. demonstrated that dispersing functionalized ZnO NPs in a commercial formulation containing CaCO3, a higher distribution of ZnO in rubber compounds was achieved [115] , allowing for a possible increase of the exposed surface area when compared to micro-crystalline ZnO that makes them more reactive. Most importantly, the authors suggested that manufacture product release might impact the cytotoxic effect of the final material, because a modification of ZnO reactivity could promote a different reaction mechanism, involving different intermediate species. This approach is relatively simple and effective to favor the ZnO distribution, but it presents two drawbacks that were related to the insertion of the dispersing agent in the composite, which can affect its properties, and to the functionalization of ZnO, which may affect their surface reactivity towards the curatives.
The development of anchored ZnO NPs on different supports was recognized as a suitable approach to strongly enhance the ZnO distribution in the polymeric matrix supporting the catalytic species on other additives as silica or graphene through covalent bonds or physical interactions. The main advantage of this method relies on the combined effect of the increased surface due to Figure 11 . Crystalline structure of a 2:1 layered silicate. Reproduced from [111] .
A few options are reported regarding the use of suitable dispersing agents in order to develop highly distributed ZnO NPs systems. Higher ZnO distribution were achieved by surface functionalization with silane coupling agents of pre-synthesized ZnO NPs [114] , whose nanodimensions could favor curing efficiency. Gujel et al. demonstrated that dispersing functionalized ZnO NPs in a commercial formulation containing CaCO 3 , a higher distribution of ZnO in rubber compounds was achieved [115] , allowing for a possible increase of the exposed surface area when compared to micro-crystalline ZnO that makes them more reactive. Most importantly, the authors suggested that manufacture product release might impact the cytotoxic effect of the final material, because a modification of ZnO reactivity could promote a different reaction mechanism, involving different intermediate species. This approach is relatively simple and effective to favor the ZnO distribution, but it presents two drawbacks that were related to the insertion of the dispersing agent in the composite, which can affect its properties, and to the functionalization of ZnO, which may affect their surface reactivity towards the curatives.
The development of anchored ZnO NPs on different supports was recognized as a suitable approach to strongly enhance the ZnO distribution in the polymeric matrix supporting the catalytic species on other additives as silica or graphene through covalent bonds or physical interactions. The main advantage of this method relies on the combined effect of the increased surface due to nanosized ZnO and the enhanced distribution of ZnO, which cooperate in increasing the zinc ions availability and reactivity towards the other curing agents. The effects on the catalytic properties of supported species, including noble metals or metal oxides, is well known [116, 117] , especially for recyclable photocatalysts [118, 119] or catalytic reactions as dehydrogenation [120] .
Recently, a zinc-based activator constituted by ZnO NPs supported on silica was first introduced as rubber curing activator [121] . ZnO NPs anchored on the surface of silica particles ( Figure 12 ) were synthesized through a sol-gel procedure, in which hydrolysis and condensation of a zinc precursor led to the in-situ formation of ZnO NPs, covalently bonded to the silica surface, as demonstrated by the detection of Si-O-Zn bonds [121] . ZnO/SiO 2 particles were defined as double function filler, because they are composed of silica particles that simultaneously behave as a reinforcing filler and as support for ZnO NPs, which are able to activate the vulcanization reaction. function filler, because they are composed of silica particles that simultaneously behave as a reinforcing filler and as support for ZnO NPs, which are able to activate the vulcanization reaction.
ZnO/SiO2 shows high catalytic properties for the activation of the vulcanization reaction of PI, leading to higher cross-linked rubber compounds with improved mechanical properties compared to the reference samples in which micro-ZnO was employed as activator. Besides, by deeply investigating the reaction mechanism by MCV, it was concluded that the different ZnO morphology and enhanced distribution were able to improve both the kinetic of the reaction and the nature of the cross-linked products, leading to shorter sulfur-sulfur bridges between polymer chains, responsible for the higher cross-linking density [86] . A different pathway of interaction between ZnO NPs and StH was also suggested to occur, based on recent evidences proposed by Ikeda et al. [78] , in which the formation of a new zinc-stearate complex was involved ( Figure 2 ). Thus, both the distribution and the morphology have demonstrated to profoundly affect both the mechanism and the kinetics of vulcanization, allowing a reduction of the zinc loading of at least 30% than that traditionally employed. Since the proposal of ZnO/SiO2 as double function filler activator, other similar approaches have been suggested in the literature aiming at improving morphology and distribution of ZnO. In fact, ZnO NPs bonded to SiO2 filler were prepared according to the same procedure proposed by Susanna et al. [121] and tested for the preparation of cold vulcanizing adhesives [122] . More recently, nanosized zinc hydroxide with plate-like structures were synthesized by sol-gel precipitation onto precipitated silica, showing high efficiency as curing activator for NR with high CRI values [123] .
Other examples involve different substrates. Graphene decorated with ZnO NPs, were developed to improve either static-dynamic mechanical properties and gas barrier properties of NR NCs [124] . Naturally available supports as cellulosic fibers were surface modified through a wet mixing method to incorporate ZnO particles with rod like structures on the fibers surface ( Figure  13) , showing high distribution of ZnO particles and a filler-NR bond at the interface stronger than that with bare cellulosic fiber, as well as higher tensile strength and stiffness [125] . ZnO/SiO 2 shows high catalytic properties for the activation of the vulcanization reaction of PI, leading to higher cross-linked rubber compounds with improved mechanical properties compared to the reference samples in which micro-ZnO was employed as activator. Besides, by deeply investigating the reaction mechanism by MCV, it was concluded that the different ZnO morphology and enhanced distribution were able to improve both the kinetic of the reaction and the nature of the cross-linked products, leading to shorter sulfur-sulfur bridges between polymer chains, responsible for the higher cross-linking density [86] . A different pathway of interaction between ZnO NPs and StH was also suggested to occur, based on recent evidences proposed by Ikeda et al. [78] , in which the formation of a new zinc-stearate complex was involved ( Figure 2 ). Thus, both the distribution and the morphology have demonstrated to profoundly affect both the mechanism and the kinetics of vulcanization, allowing a reduction of the zinc loading of at least 30% than that traditionally employed.
Since the proposal of ZnO/SiO 2 as double function filler activator, other similar approaches have been suggested in the literature aiming at improving morphology and distribution of ZnO. In fact, ZnO NPs bonded to SiO 2 filler were prepared according to the same procedure proposed by Susanna et al. [121] and tested for the preparation of cold vulcanizing adhesives [122] . More recently, nanosized zinc hydroxide with plate-like structures were synthesized by sol-gel precipitation onto precipitated silica, showing high efficiency as curing activator for NR with high CRI values [123] .
Other examples involve different substrates. Graphene decorated with ZnO NPs, were developed to improve either static-dynamic mechanical properties and gas barrier properties of NR NCs [124] . Naturally available supports as cellulosic fibers were surface modified through a wet mixing method to incorporate ZnO particles with rod like structures on the fibers surface ( Figure 13) , showing high distribution of ZnO particles and a filler-NR bond at the interface stronger than that with bare cellulosic fiber, as well as higher tensile strength and stiffness [125] .
Thus, the higher distribution of zinc oxide or zinc ions in the rubber matrix has been shown to play a main role in the improvement of the vulcanization efficiency and the achievement of highly performant rubber-based materials. Several promising candidates for the substitution of bare ZnO were prepared by exploiting the presence of different supports to better distribute either ZnO NPs or zinc centers, which makes them more reactive towards the curatives. This latter approach also demonstrated that further studies in this field could design and develop even more efficient zinc-based activators, by further increasing the availability and the reactivity of the single Zn 2+ ions through supporting reactive Zn-based compounds on suitable substrates. Thus, the higher distribution of zinc oxide or zinc ions in the rubber matrix has been shown to play a main role in the improvement of the vulcanization efficiency and the achievement of highly performant rubber-based materials. Several promising candidates for the substitution of bare ZnO were prepared by exploiting the presence of different supports to better distribute either ZnO NPs or zinc centers, which makes them more reactive towards the curatives. This latter approach also demonstrated that further studies in this field could design and develop even more efficient zinc-based activators, by further increasing the availability and the reactivity of the single Zn 2+ ions through supporting reactive Zn-based compounds on suitable substrates.
Conclusions
In the present review, the catalytic role of ZnO in the vulcanization process of rubber-based materials has been discussed and the key points of the curing mechanism using ZnO as an activator are highlighted.
A crucial role was recognized to Zn(II) centers that originated from ZnO in all of the subsequent steps of the vulcanization process, determining both the formation of more active intermediate complexes, with a favorable effect on the kinetic of the reaction, and affecting the nature of the vulcanized products, promoting the achievement of high cross-link density.
Innovative Zn-based activators for rubber vulcanization have been proposed in the literature in order to reduce the amount of ZnO used in the process keeping a high vulcanization efficiency since the high content of ZnO in rubber composites and the possible release of zinc in the environment during the life cycle of the rubber products are becoming an important environmental issue.
The review gives an overview of the main pathways for designing highly performant innovative Zn-based materials to substitute conventional ZnO in curing activation, based on the introduction of more active and dispersed zinc centers with high availability and reactivity towards the vulcanization reagents: -tailored nanosized ZnO particles to achieve a better distribution and availability of the activator in rubber, thanks to their high surface area; -Zn(II) complexes to favor the interaction of already formed zinc centers with the curing agents, and thus to generate the sulfurating intermediate complexes active into vulcanization process; Figure 13 . Schematic of in-situ synthesis of ZnO particles on cellulosic fibers surface. Reprinted from [125] , Copyright (2019), with permission from Elsevier.
The review gives an overview of the main pathways for designing highly performant innovative Zn-based materials to substitute conventional ZnO in curing activation, based on the introduction of more active and dispersed zinc centers with high availability and reactivity towards the vulcanization reagents: -tailored nanosized ZnO particles to achieve a better distribution and availability of the activator in rubber, thanks to their high surface area; -Zn(II) complexes to favor the interaction of already formed zinc centers with the curing agents, and thus to generate the sulfurating intermediate complexes active into vulcanization process; -zinc-based activators constituted by Zn 2+ ions inserted in porous materials (e.g., clays) or ZnO NPs distributed through the addition of dispersing agents, to improve the availability of the zinc centers to react with the curatives; and, -supported Zn-based activators, consisting of ZnO NPs onto the surface of different supports (e.g., silica, graphene) and in particular ZnO/SiO 2 double function filler, simultaneously behaving as rubber reinforcing filler and curing activator.
Many of the proposed Zn-based activators demonstrated to be promising pathways for substituting ZnO in vulcanization. The higher distribution of ZnO or Zn ions in the rubber matrix has shown to play the main role in the improvement of the vulcanization efficiency and the achievement of highly performant rubber-based materials. Nevertheless, their possible application in an industrial process is still far away, due to the requirement of scaling-up the production of the novel activators and of a deeper knowledge of the structure-reactivity correlation of the Zn-based activator in the vulcanization process. 
